Abstract. Aquatic and terrestrial mesocosms have been used successfully to examine ecological and ecotoxicological questions with amphibians. Mesocosms represent a bridge between the laboratory and the natural world, and allow for experimental research on factors that influence amphibian populations and communities. In this manuscript, we review the current literature utilizing mesocosms for ecotoxicology, evaluate the role that mesocosm studies could play in ecotoxicology, and suggest future research directions. Mesocosms are advantageous relative to other experimental systems because treatments are easily replicated, multiple environmental factors can be manipulated, food webs can be established, direct and indirect effects can be examined, and contamination effects can be evaluated. This allows for the examination of contaminant effects on multiple trophic and taxonomic levels in an ecologically relevant context. Standard guidelines for mesocosm testing with amphibians should be created to aid new researchers, make studies more comparable, and facilitate risk assessment.
Introduction
The birth of ecotoxicology came with the recognition that we need to understand the effects of contaminants in an ecologically relevant context. However, a true collaboration between ecology and toxicology has been slow to evolve. Contamination happens in nature and affects populations, communities, and ecosystems, bringing with it a level of complexity that cannot be easily replicated in the laboratory. Biotic and abiotic factors can influence community structure, as well as the potency of contaminants to organisms. Therefore, evaluating chemical effects in nature necessitates research that incorporates and manipulates both the species of interest and its environment.
Environmental chemical contamination has been listed as one of the potential causes of amphibian population declines (reviewed in Semlitsch, 2003) . Many researchers have suggested that amphibians may be more sensitive than other vertebrates because of their permeable eggs, skin, and gills (Bishop and Petit, 1992; Rowe and Dunson, 1994) , and recent studies have found correlations between amphibian population declines and upwind agriculture in the western United States (Davidson et al., 2001 (Davidson et al., , 2002 . Furthermore, the toxicity of contaminants to amphibians can change in complex environments where competitors and/or predators are present, and where abiotic factors such as temperature, hydroperiod, and pH fluctuate (e.g., Boone and Semlitsch, 2001, 2002; Relyea and Mills, 2001; Relyea, 2003) . Therefore, documenting the effects of chemical contamination in realistic environments is essential. Laboratory studies alone may not be adequate to understand or predict the responses of natural amphibian populations. Rowe and Dunson (1994) suggested that pond mesocosms (defined as static, outdoor, above-ground tanks), which have been used for decades to understand basic amphibian biology (e.g., Morin, 1983; Wilbur, 1985 Wilbur, , 1997 , would be useful in assessing population-and community-level contaminant effects on amphibians. At the time of their review, there were two cited studies that specifically addressed the effects of contaminants on amphibian communities in mesocosm ponds (Mahaney, 1994; Horne and Dunson, 1995) . In the intervening decade, there have been a number of ecotoxicological studies in mesocosms, as well as other types of outdoor field enclosures, which have helped us understand how contaminants may influence amphibian populations. While many definitions exist for mesocosms in the scientific literature (Caquet et al., 1996; Boyle and Fairchild, 1997; Taub, 1997; Wilbur, 1997) , we define mesocosms as outdoor aquatic or terrestrial, artificial systems that are independent and contain food webs and processes representative of natural systems. Additionally, other field studies often use "enclosures" for experimental studies. We define an enclosure as a cage or container with a permeable material that encloses study organisms within a particular environment, but allows environmental exchange among enclosures. For example, organisms in screen-mesh enclosures placed in a contaminated pond would all be exposed to the same water and would not be truly independent, unlike mesocosm studies. Enclosure studies are also a useful way to examine site-specific contaminant issues and are an important component of experimental ecotoxicological research. Our objectives here are to discuss the role that mesocosm studies could and do play in ecotoxicological research, review the ecotoxicological aquatic and terrestrial mesocosm studies for amphibians to date, and propose future research directions.
Using Mesocosms for Experimental Studies in Ecotoxicology
Throughout most of its history, toxicology has focused on dose-response relationships to examine effective and lethal concentrations. Understanding the range of sensitivity of a species is useful because it can lead to estimating concentrations that will be safe in nature. However, the emphasis is often on acute toxicity of a few model species, which are used to establish safe environmental levels that will minimize the risk to nontarget organisms while maximizing efficacy for pest control. Amphibians are not routinely tested in contaminant assessments, and it is only recently that effects of contaminants on amphibians have become of widespread interest (Sparling et al., 2000) . Given the large number of pesticides scrutinized at a federal level every year, practical constraints dictate that acute laboratory studies be the main means of assessing chemical effects and outdoor trials in artificial or natural systems are no longer required in the United States.
For this reason it is not surprising that laboratory studies are the most common studies found in the amphibian ecotoxicology literature, based on an informal literature survey we conducted. We examined volumes from 2002-2004 of four journals (two toxicological [Environmental Toxicology and Chemistry; Archives of Environmental Chemistry and Toxicology] and two ecological [Ecological Applications; Oecologia] ) and classified studies as laboratory, mesocosm, or field studies. We classified a manuscript based on these criteria: Laboratory studies were conducted indoors, mesocosms included both mesocosms and aquatic enclosures (as defined above), and field studies were conducted at contaminated sites using unconfined organisms. Studies containing two or more study types were counted once in each category. We found that 72% of the 60 studies dealing with amphibian ecotoxicology were conducted in the laboratory ( fig. 1 ), even though using ecological journals to locate amphibian toxicological studies may actually over-represent field studies. Other literature surveys indicate that the toxicological literature is biased toward studies with fish and only about 4% focused on amphibians and reptiles (Sparling et al., 2000) . Therefore, it is unlikely that we are adequately evaluating the effects of contaminants on amphibians in nature.
Laboratory studies are useful for testing direct toxicity, mechanisms that may drive responses to contaminants in nature, genetic variation in responses, and effects on behavior, metabolism, and physiology. However, laboratory experiments are less able to address population-or community-level questions such as how the food web will be altered, whether the species diversity will change, how the presence of other factors known to regulate community dynamics may influence a contaminant's effect, or ultimately how population viability is affected. Protocols exist for indoor experimental community systems (e.g., Taub, 1997) , but spatial constraints usually require containers of small volume (usually <20 L) and the species prescribed are few, do not include amphibians, and are cultured in the laboratory. At the other end of the continuum, field studies help us to understand site-specific questions or landscape level patterns. However, they may not have general application or they may exhibit large variation, preventing detection of differences among treatments; field studies may also be expensive to conduct, and difficult to replicate and interpret. Furthermore, chemical manipulations of natural areas may often not be a desirable way to test for contaminant effects. Mesocosms can bridge the gap between laboratory and field studies by maximizing both environmental control and environmental realism, because they can be set up identically and because complex food webs that experience daily environmental fluctuations can be established. Mesocosm studies minimize the risk of oversimplifying the environment (a problem of laboratory studies) and the risk of large variation among replicates (a problem of field studies). Mesocosms are valuable in that they allow investigators to test population-and community-level processes on a scale between what is possible in the laboratory and field.
The usefulness of mesocosms to address ecological questions has often been debated. Carpenter (1996) suggested that mesocosms (or microcosms in the parlance of Carpenter) are not sufficient to test most of the important questions in applied ecology because they cannot encompass larger ecological processes or species movements. Additionally, he stated that mesocosm environments can have unnatural characteristics (e.g., unrealistic growth rates or population densities) and are overly simplified. For example, artificial pond communities may not be able to regenerate zooplankton and algal populations in the way that natural ones do if plankton populations are eliminated (Williams et al., 2002) . Mesocosms also typically lack macrophytes (although they could be added) or variation in habitat (e.g., no shallow littoral zone; Wilbur, 1997) , and species used may not be coadapted (Linthurst et al., 1995) . However, Drake et al. (1996) argued that some of these characteristics, such as simplification, are what make mesocosms useful in testing ecological processes. In reality, mesocosms are not designed to recreate nature fully; rather, the goal is to simulate food webs and mimic processes so that general patterns can be observed in relatively short timescales (Daehler and Strong, 1996) . Mesocosm studies allow for experimental manipulations, which is the only way to determine cause-and-effect relationships, and allow for multiple species to be examined (Ives et al., 1996; Rowe and Dunson, 1994) . Certainly, mesocosms have played an important role in testing ecological theories (Drake et al., 1996; Lawton, 1996) , which may in part explain why the number of mesocosm studies has increased in the last decade (Ives et al., 1996) .
While Carpenter (1996) is correct in asserting that mesocosms may not be ideal for some taxa, amphibians do have a number of characteristics that make them particularly amenable to mesocosm studies, including relatively small size, larval development within "closed" pond systems, and limited home ranges. Experimental mesocosm studies with amphibians have been successfully conducted in aquatic (e.g., Morin, 1983; Wilbur, 1997) and terrestrial (e.g., Pechmann, 1995) environments, and these studies appear to be relevant to natural populations (e.g., Semlitsch et al., 1996) even though mesocosms do not fully reproduce nature (Wilbur, 1997) . Incorporating contaminant effects is a logical extension of the basic ecological studies conducted in mesocosms. Below, we review the aquatic and terrestrial ecotoxicological studies conducted with amphibians in mesocosms.
Aquatic mesocosms
Pond mesocosm studies have been used since the 1970s to test central questions in ecology, such as the role of competition, predation, and pond drying in amphibian populations and communities. There have been at least 21 ecotoxicological amphibian studies that have been conducted in aquatic mesocosms in the decade since Rowe and Dunson (1994) highlighted their potential usefulness for toxicological studies (table 1). These studies have examined the effects of pesticide mixtures, heavy metal mixtures, the insecticide carbaryl, the herbicide atrazine, cadmium, motor and crankcase oils, and nitrate fertilizer. While the effects of every contaminant should not have to be evaluated in mesocosms (Boyle and Fairchild, 1997) , very few contaminants have been assessed both in the laboratory and in mesocosms. However, these studies begin to lay the foundation for understanding contaminant effects in nature and may also be used to create standard guidelines for testing.
These aquatic mesocosm experiments have contributed to our understanding of how amphibian populations in nature may be influenced by contamination. First, mesocosm studies indicate that indirect effects of contamination, such as changes in the food web, can be more important than direct effects on individual physiology and metabolism at expected environmental concentrations. Mills and Semlitsch (2004) have conducted the only study to our knowledge that explicitly tests the importance of direct versus indirect effects of a contaminant on amphibians. They found the indirect effects of a short-lived insecticide (carbaryl) far outweighed the direct effects of sublethal exposure. Changes in the food web consequent to contaminant exposure may be an important means of influencing amphibian communities. For example, the insecticide carbaryl is not lethal to most amphibians at environmental concentrations, but these levels reduce zooplankton abundance and result in an algal bloom (Mills and Semlitsch, 2004) . Increased algal resources can positively affect anuran survival and size (Boone and Semlitsch, 2002) , while reduced zooplankton levels negatively impact salamander survival and size (Boone and James, 2003) . A contaminant can also disrupt predator-prey interactions. Some predators of amphibians such as fish and red spotted newts (Notophthalmus viridescens) are not strongly affected by environmental concentrations of some insecticides. Nevertheless, others such as crayfish and aquatic insects are often very sensitive (Boone and Semlitsch, 2003) , so that exposure can result in the elimination of an important class of amphibian predators. The complexity of the food web can also influence the likelihood of exposure. For example, Lefcort et al. (1999) found that the presence of bluegill sunfish predators altered competitive interactions between tadpoles of the Columbia spotted frog (Rana luteiventris) and snails, which in turn reduced tadpole consumption of contaminated sediments. Such studies suggest that by understanding a contaminant's impact on the food web, especially when expected environmental concentrations are not lethal, we will be better prepared to predict the population-and community-level impacts. Aquatic mesocosm studies have also addressed the effects of multiple stressors in the presence of chemical contamination. Multiple stressors have been implicated in population declines (e.g., Carey et al., 2001) , and examining a combination of stressors is feasible with mesocosm experiments. Chemical mixture studies are rare, but work to date suggests that combinations of stressors may have negative impacts on amphibian growth (Britson and Threlkeld, 2000; Boone and James, 2003; Boone et al., 2005) or that stressors may have additive effects for some species (Boone and James, 2003) . The potency of contaminants may also be strongly influenced by the abiotic environment, another form of stress. For example, Horne and Dunson (1995) found that pH as well as the amount of dissolved organic carbon in the aquatic environment could influence the toxicity of metals on amphibian survival and also the algal resources in the community. Environmental conditions, such as temperature and pH, will influence the persistence and potency of a contaminant, so incorporating the variation that comes with outdoor experiments helps mimic environmental realism and gives greater predictive power.
There have been few experimental tests of the effects of contaminants on amphibian populations in constructed experimental ponds with which we can compare, but see Sparling et al., 1995 (approximately 150 ,000 L), Boone et al., 2004 (approximately 55,000 L) . Mesocosm studies do, however, appear to yield results that are more representative of field effects than laboratory experiments, and in this way they are a valuable ecotoxicological tool. Boone et al. (2004) suggested that mesocosm experiments effectively predict the consequences of contaminant exposure despite the greater environmental complexity (e.g. the presence of insect and vertebrate predators and increased competition from anuran colonists), which otherwise could swamp any contaminant effects.
This outcome contrasts with the ability of laboratory studies to predict field effects. Based on laboratory results, many researchers have suggested that contamination will have strong negative effects in the field, yet anticipated outcomes have often not transpired in subsequent mesocosm or field studies. Generally, laboratory studies suggest that contaminant exposure will cause more negative effects than aquatic mesocosm studies actually find. This is not to say that mesocosm studies find that contaminants are innocuous (for example, Mahaney, 1994; Lefcort et al., 1997; Diana et al., 2000) , but rather that laboratory predictions often do not hold in mesocosm studies. For example, Relyea and Mills (2001) and Relyea (2003) found that sublethal pesticides can become lethal to tadpoles when nonlethal (i.e., caged) predators are present. This outcome would suggest that predator presence alone may increase the toxicity of contaminants. However, mesocosm studies that have explicitly tested the effects of sublethal contaminants in the presence of predators have not generally found these synergistic effects (Boone and Semlitsch, 2001; Boone and Semlitsch, 2003) . Additionally, laboratory studies suggest that the presence of ultraviolet radiation may result in photo-enhanced toxicity for amphibians exposed to UV and the insecticide carbaryl (Zaga et al., 1998) . However, field studies revealed that amphibians were positively rather than negatively affected by the combination of both "stressors" . Laboratory research can provide valuable information, but caution must be taken when predicting field effects from the laboratory, which forms the basis of much contaminant regulation; other assays, such as mesocosm studies, are needed for regulatory purposes.
Aquatic mesocosm studies to date have, however, examined a relatively small number of contaminants on limited endpoints and species. Increasing the use of aquatic mesocosms in contaminant studies will help us determine how different contaminant classes may influence amphibians and their food webs and will help us evaluate the chemicals that may be of greatest risk to amphibians in nature. Mesocosm studies are self-sustaining and can be completed in a single season, and we suggest that they be incorporated into basic toxicity testing for evaluating contaminant effects on aquatic communities. A single mesocosm study could incorporate an assay for algae, zooplankton, insect predators, as well as amphibians, and would provide a holistic way of evaluating chemical effects. Furthermore, mesocosm experiments can be conducted through metamorphosis -an endpoint that has implications for fitness and population dynamics (Smith, 1987; Semlitsch et al., 1988) .
Establishing guidelines for aquatic mesocosms would allow them to be incorporated into federal risk assessment as laboratory studies have been. Currently, mesocosm studies are often set-up in different ways among researchers, so there are a number of design factors for researchers and regulators to consider. First, researchers typically add a substrate such as leaf litter or grass to serve as nutrient source and refugia (often 1 kg substrate per 1000 L water), as well as inoculations of plankton (algae and zooplankton) from natural ponds to serve as the resource base for amphibians. Substrates can be based on the natural ponds in the study area.
For example, temporary ponds in grasslands may use dead grass as a substrate and woodland ponds leaf litter; however, grass can cause rapid algal blooms so using a substrate that will reflect realistic water quality is also important. Mesocosms should contain a relatively large volume of water ( 500 L) to more closely simulate the size of breeding habitats and reduce the likelihood that water temperatures would exceed a species' temperature tolerance. For most amphibian species, shallow pools with large temperature fluctuations may not represent a realistic scenario, or may only be useful for short-term studies. After mesocosm communities are created, they are typically covered with screen-mesh lids. Lids exclude insect predators, which may eliminate the amphibian community, and amphibian colonists, which may bias results by introducing intra-or inter-specific competition.
Once established, these closed environments are self-sustaining and amphibians can be reared through critical life stage development, like metamorphosis, and experimental treatments can be applied. Researchers typically use between three to five replicates, which provides sufficient power to test for effects using pond means as the experimental unit to avoid pseudoreplication (Hurlbert, 1984) . The number of amphibians added to the pond varies among studies and largely depends upon the presence or absence of predators, which would justify larger numbers. Most studies without predators, however, typically have total densities around 1 or less individuals per ten liters, which reflects natural densities (14-4238 per 1000 L; e.g., Morin, 1983; Petranka, 1989) . Additionally, the contaminant should be added in a way that does not stir up the water column. Garden watering cans or backpack sprayers may be used for the chemical application.
Aquatic mesocosms are the most common kind of ecotoxicological field study, which is not surprising given their successful use in amphibian ecology. Mesocosm studies appear to be a useful surrogate for whole-field manipulations, and therefore, are a powerful tool in effectively examining contaminant effects, especially on amphibian communities. Their continued use will improve our understanding of amphibian ecotoxicology and ecology, and permit greater predictive power concerning the effects of contaminants in nature.
Aquatic enclosure studies
Enclosure studies use permeable containers or cages in natural systems and offer another means of addressing contaminant questions in the aquatic environment. In situ enclosure studies are unique in that amphibians are reared in an actual water body where contamination may be a problem. They are particularly useful for asking questions about specific types of habitats that may experience contamination (such as wetlands in agricultural or urban settings or golf course ponds) and examining chemical mixtures in the field. Because chemical screenings can be very expensive, enclosure studies can serve as a preliminary step in assessing effects at particular sites. At least 19 toxicological studies in aquatic enclosures have been conducted using amphibian eggs, larvae, and tadpoles (table 2) . These studies measured relevant ecological endpoints including hatching success, metamorphosis, survival, growth, deformities, behavior, and bioaccumulation. Most of the published studies have addressed pesticide exposure and chemical mixtures (e.g., agricultural and industrial runoff), and some have looked specifically at metal contamination (Rowe et al., 2001 ). Frequently, both contaminated and references sites were used to examine whether amphibian responses differed between them. Studies in aquatic enclosures have yielded a number of results that have added to our understanding of the effects of contaminants on amphibians. Studies with enclosures have demonstrated that there are costs to insecticide resistance (Semlitsch et al., 2000) , which suggests that populations dealing with recurrent contamination may be less resilient to other natural or anthropogenic stressors. Enclosure studies have also proved helpful in evaluating field exposures (Materna et al., 1995; Ralph and Petras, 1998; Thompson et al., 2004; Wojtaszek et al., 2004) , which helps managers assess local risk factors. Others have demonstrated that polluted sites can cause deformities in amphibians (Cooke, 1981; Rowe et al., 1998; Bishop et al., 1999) or reduce hatching success (Harris et al., 1998; de Solla et al., 2002) . While it has been relatively uncommon to manipulate another factor (e.g., competition or predation) besides the contaminant, such manipulations are possible and can provide greater insight into how contaminant stress may interact with other components of the environment. For example, Kiesecker (2002) used enclosure studies to distinguish between the effects of agricultural runoff and trematode infection as causes of amphibian deformities; he observed that trematode infections were associated with deformities, but also, that trematode infections were more common where there was agricultural runoff. Many of the published studies found that at least one of the measured response variables was negatively affected at contaminated sites. Such results are important given that laboratory and aquatic mesocosm studies that manipulate one or a few factors at a time may not demonstrate negative effects (e.g., James and Little, 2003) . Enclosure studies provide a very immediate way to evaluate contamination in the real world.
Enclosures have numerous benefits that make them a good research tool. They can provide information relatively quickly on the responses of amphibians to conditions at particular sites. They are touted for their ability to integrate both chemical and natural stressors, and thus have greater environmental relevance relative to the laboratory (Bishop and Martinovic, 2000) and aquatic mesocosms. Organisms reared in enclosures can be exposed to the existing suite of chemical stressors, instead of just a select few. Enclosure studies also expose organisms to contaminants via natural uptake routes, which is important because different exposure routes can result in different effects or contaminant distributions within the organism. The typically small size and low construction cost of enclosures means that numerous replicates can be used at a given site, which helps quantify within-site variation. Enclosures may be strategically placed in impacted microhabitats, and they may include or exclude the bottom sediments. Individuals are not only exposed to natural changes in water quality, food abundance, photoperiod, and temperature, but also chemical cues from predators and competitors. By holding amphibians in an enclosed space in potentially contaminated sites, individuals and populations can be tracked over time (Bishop and Martinovic, 2000) . Enclosure studies also have some possible limitations that should be considered. Because they are permeable to water, enclosures placed at a given site are not independent of each other; therefore, sites also should be replicated to avoid pseudoreplication (Hurlbert, 1984) . In general, it may be difficult to separate contaminant effects from other stressors, or effects of individual contaminants from each other. However, any effects on study organisms will indicate that mechanisms of impacts should be explored. Further, contamination could occur through the water source or the substrate, and when both are included in an enclosure it may be difficult to determine which medium is the primary contaminant source (Bishop and Martinovic, 2000) . Additionally, while the permeability of enclosures allows them all to be exposed to the same environment, it also means that eggs or larvae of predators small enough to move through the mesh holes may enter and eliminate the study species. Many enclosures do not include refugia, which may result in increased predation or stress if predators are present. In contrast, some investigators have reported that frequent cleaning of enclosures was required to maintain environmental permeability because of algal growth clogging the mesh (e.g., Harris et al., 2001) . Such disruption will remove periphyton (the food resource of anurans) and may be stressful to the amphibians, even when they are temporarily placed in a separate container. Restriction to enclosures means that individuals cannot sample different microhabitats as they might normally, which may have effects on exposure and food availability, but placement of enclosures can be manipulated to test this. Another potential downside of enclosures is that their monitoring in muddy areas may stir up sediments and harm amphibian gills or affect respiration; in some instances, anoxic mud was suspected of causing mortalities (Harris et al., 1998) . Enclosures can also be damaged or moved by wildlife or wind, and changing water levels may require moving them periodically; however, these problems can be minimized with frequent monitoring.
Aquatic enclosures are often constructed of a mesh material and can be bolstered by a wooden frame and attached to a rod or cable. Enclosure sizes have ranged from 3-1300 L; shapes are frequently cylindrical or rectangular (table 2) . A basket may be used within the main enclosure to temporarily hold embryos (e.g., Harris et al., 1998) . When large enclosures are used for studies rearing amphibians through metamorphosis and the enclosures cannot be lifted out of the water, some metamorphs may go undetected because of their ability to dive underwater and remain there for long periods. In order to be able to lift and regularly check enclosures, a smaller size may be needed (e.g., <60 L).
Enclosures can serve as a relatively inexpensive and direct way of testing the effects of environmental conditions on amphibians. Field enclosures offer the benefits of realism of the field and still allow for experimental manipulation; additionally, when they are replicated at the habitat level, they can be powerful indicators of effects. Enclosures are another effective way to assess effects of contamination on amphibians.
Terrestrial mesocosms
Because most amphibian species have complex life cycles and amphibian populations may be regulated in the aquatic and/or terrestrial environments (Wilbur, 1980) , evaluating the effects of contaminants on the terrestrial life stage may be equally or more relevant than examination of contaminants on the aquatic life stage. An integration of aquatic and terrestrial life stages could be used to predict how population viability will be influenced by contamination, and should be an objective for research in amphibian ecotoxicology. While natural abiotic factors, competition, predation, and contamination influence metamorph quality and species abundance in the aquatic environment (Semlitsch et al., 1996) , it is not clear if these factors are equally important in the terrestrial environment, although density effects have been demonstrated (Pechmann, 1994) .
Terrestrial mesocosm studies are less common, but can be used to evaluate basic ecological questions, as well as how anthropogenic factors such as contamination influence amphibians. Amphibian larvae that successfully metamorphose may spend the majority of their adult life in the terrestrial environment. If this environment is contaminated, amphibians could be exposed while feeding during the growing season and/or while hibernating. Contaminant exposure is possible from birth until death via multiple aquatic and terrestrial means, and different life stages or exposure routes may confer differential susceptibility. Therefore, terrestrial mesocosm studies may be used to research the performance of amphibians in uncontaminated terrestrial sites after metamorphosis from contaminated aquatic sites and the performance of amphibians in contaminated terrestrial sites after metamorphosis from uncontaminated or contaminated aquatic sites.
At least seven studies have used terrestrial mesocosms to examine contaminant effects on amphibians (table 3) . Most of these studies were conducted in the United States and all but one dealt with anurans. A dearth of ecotoxicological studies for amphibians in the terrestrial environment is not surprising given there is very limited ecological data addressing the terrestrial period for most amphibian species with complex life cycles. The mesocosm studies conducted thus far predominantly offer insight into what amphibians may experience in contaminated terrestrial habitats. Amphibians on contaminated substrate absorb contaminants across their skin or through their prey and exhibit altered behavior and physiology as a result (Oldham et al., 1997; Hopkins et al., 1997 Hopkins et al., , 1998 Laposata and Dunson, 2000) . For example, Hopkins et al. (1997) demonstrated that amphibians exposed to coal combustion waste had greater corticosterone levels whether they were reared in a coal-contaminated site or introduced to such sites for short periods of time. In contrast, metamorphs exposed to an insecticide (Boone, in press) or metal (James, unpublished data) as larvae were able to survive in the uncontaminated terrestrial environment as well as those that had not been exposed. Given the paucity of terrestrial mesocosm studies, a summary is warranted of the ecotoxicological research that has been conducted in the laboratory and in natural systems. Laboratory studies have included testing the avoidance of contaminated substrates (Laposata and Dunson, 2000; Hatch et al., 2001; Marco et al., 2001) , uptake of contaminants from substrates (Johnson et al., 1999; James et al., 2004a,b) , toxicity of and behavior on contaminated substrates (Baker, 1985; Lambert, 1997; Johnson et al., 1999; Hatch et al., 2001; Marco et al., 2001; James et al. 2004a,b) and contaminated prey toxicity (Hall and Swineford, 1979; Linder et al., 1998; Johnson et al., 1999; James et al., 2004b) . Field studies have primarily ascertained amphibian presence, species richness, and whole body residues at contaminated versus reference sites (Dmowski and Karolewski, 1979; Beyer et al., 1985; Storm et al., 1994; Stansley and Roscoe, 1996; Lambert, 1997) . Data have also been collected after study plots were deliberately contaminated (Bracher and Bider, 1982; Baker, 1985; McAlpine et al., 1998) . Overall, terrestrial contaminant studies demonstrate that exposure to environmentally-relevant contaminant concentrations can have sublethal effects on terrestrial life stages that could in turn impact population dynamics.
In the terrestrial ecotoxicological studies we reviewed, the age of amphibians ranged from metamorphosis to adults of unknown age, the studies lasted from <2 hrs (Oldham et al., 1997) to almost 12 months (Boone, in press; James, unpublished data) , and mesocosm size varied from 0.11 to 9 m 2 . Laposata and Dunson (1999) outlined some guidelines for conducting terrestrial ecotoxicology mesocosm studies. They suggested enclosures should be inexpensive, easy to construct and install, durable, portable, adaptable, and inclusive of natural substrate and microhabitats. These criteria allow for adequate replication, long-term use, close contact with contamination, and research in remote areas. However, some of their criteria, like portability, may be less important for inquiry-based research questions than it is for site-specific assays. We would also recommend that soil column integrity be maintained by minimizing disturbance of the soil within the mesocosm, because it is likely that soil disturbance could affect contaminant bioavailability, microhabitat, and prey abundance. Ensuring that the terrestrial habitat is as natural as possible is necessary so that one is testing for contaminant effects in habitats rather than contaminant effects in an altered habitat, unless that is an objective.
Researchers interested in conducting ecotoxicological studies on terrestrial life stages of amphibians have a number of designs on which to base their studies. Terrestrial mesocosms have been constructed using either plastic, metal hardware cloth, or aluminum/steel flashing buried in the substrate with walls high enough to contain amphibians. Terrestrial mesocosms are typically built into and on top of the soil. However, above-ground cages or tanks may also be used for terrestrial manipulations with the addition of appropriate substrates and environmental conditions. In some studies (table 3) , artificial burrows were provided as refuge and/or supplemental food was supplied. Contaminant exposure took place either before confinement to enclosures, which tests for latent effects of aquatic exposure that may not be apparent until later in amphibian development, or during confinement in mesocosms when effects of terrestrial contaminant exposure may augment exposure in aquatic life stages.
The size of a mesocosm is another important consideration for terrestrial ecotoxicological studies. Mesocosms as small as 0.11 m 2 have been used for ambystomatids (Laposata and Dunson, 2000) ; this size falls within their home range size (e.g., Semlitsch, 1981) and was sufficient to see treatment-level effects (Laposata and Dunson, 2000) . Small enclosure size is advantageous because it allows for greater replication and decreases variation among replicates. However, this advantage must be balanced with the need to provide sufficient space for the animals to perform critical terrestrial activities like feeding, burrowing, and overwintering. Really small mesocosms (e.g., Laposata and Dunson, 2000) are unlikely to provide a self-sustaining environment. However, this does not mean that only large terrestrial mesocosms should be used. Mesocosms as small as 2 m 2 have been successfully used for rearing amphibians through the winter (Parris, 2001; Boone, in press; James, unpublished data) so mesocosms may not have to be expansive to be effective. Laposata and Dunson (1999) reviewed some non-toxicological terrestrial enclosure designs, including Pechmann (1995; 225 m 2 ) and Wyman (1998; 3 m 2 ), and suggested that such designs did not meet their criteria for ecotoxicological terrestrial studies. Nevertheless, large mesocosms offer a number of advantages despite being permanent, hard to build, and expensive. Larger mesocosms may be necessary if there will not be supplemental feeding, as the existing prey population may be quickly depleted in a small area, particularly if the enclosure design (e.g., mesh size) makes it difficult for prey to immigrate. Terrestrial mesocosm size should reflect the size of the home range or activity center for the study species, desired stocking density, study duration, and experimental endpoints. Unfortunately, there is limited data on home range size for many amphibian species, so area requirements may have to be based on the most closely related species for which information is available. If a study will involve both periods of activity and dormancy, adequate microhabitats should be available and a larger area may be required.
The effectiveness of a terrestrial mesocosm will also be influenced by its permeability (i.e., opportunity for escape), which can have important impacts on endpoints like observed survival. For this reason, the underground and above ground wall depth is an important consideration when designing a study, because amphibians could escape by burrowing below ground or by climbing or jumping over the walls. For studies lasting weeks to a year or more in areas that experience drought and soil moisture loss, open-bottom enclosures should have walls that penetrate at least 60 cm above and below ground. Some terrestrial enclosures have had walls that were 1 m above and below ground (Chazal and Niewiarowski, 1998) . A cover or baffle can be placed on top of mesocosms to reduce the likelihood that individuals escape. Such precautions will also reduce the chance of predators and competitors trespassing into the enclosures, which could eliminate or augment populations and reduce the prey base.
Overall, terrestrial mesocosms have proven useful in answering toxicological questions relating to terrestrial exposure and latent effects from aquatic exposure. They can provide insights that should complement and add to the knowledge obtained in the laboratory and field. The realism they provide is far greater than could be produced in the laboratory. Realism should approach that of studies using freeranging amphibians as enclosure size increases, since larger areas allow individuals to sample and select microhabitats. Additionally, as in aquatic studies, terrestrial mesocosms can be used for in situ testing and the determination of whether amphibian performance is reduced at contaminated sites relative to reference sites. Other factors important in the terrestrial environment could be easily manipulated, such as animal density, coarse woody debris, litter depth, and moisture. Multifactor terrestrial ecotoxicology studies are a wide-open field that could be explored further. While it is generally believed that pre-metamorphic amphibians are more sensitive and have lower thresholds of tolerance (e.g., Schuytema et al., 1991) , very few studies have directly compared the pre-and post-metamorphic life stages. More attention should be given to the risks that contamination poses to terrestrial amphibians, because even if sensitivity is lower in terrestrial amphibians, direct and indirect effects could be important and may have an impact on the population.
Conclusions and Future Research Directions
Mesocosm studies offer researchers the opportunity to ask toxicological questions in an ecologically relevant framework. Amphibians are ideal study species for many reasons, but perhaps primarily because they are experimentally tractable in both laboratory and field settings, which allows us to establish cause-and-effect relationships. Because contamination is a global phenomenon with contaminants moving into pristine areas by way of aerial deposition and accumulation in ground-or moving-waterways, it continues to be an important component of both aquatic and terrestrial ecosystems. Although amphibians have been underutilized in laboratory toxicological studies (Sparling et al., 2000) and are not used in pesticide registration, they are an important group to study given that their life cycle encompasses aquatic and terrestrial environments, they have herbivorous and carnivorous life stages, and they can be studied in the laboratory and in mesocosm communities. Additionally, because amphibian communities encompass algae, plant, and invertebrate taxonomic groups, a number of endpoints can be examined simultaneously in both aquatic and terrestrial mesocosms.
Mesocosm studies in the aquatic environment have been limited, but they demonstrate that contaminants can affect amphibian abundance, developmental rate, and metamorph quality, even in the presence of important regulating factors such as competition or predation. Further, mesocosms demonstrate that contaminants can influence the food web and by doing so influence the amphibians. The studies here highlight the advantage of looking at system ecology and the shortcomings of relying solely on laboratory studies. Terrestrial studies are scarce, but at present they suggest that terrestrial exposure can have significant effects on the accumulation of contaminants and that terrestrial exposure may influence body condition and population dynamics. Overall, mesocosm studies indicate that amphibian populations could be influenced by contaminants in natural environments. While some studies suggest that contaminants could eliminate amphibian populations and cause declines (Rowe et al., 2001; Boone and James, 2003) , others suggest that contamination may change the community but clear negative effects are not apparent.
We believe that research with mesocosms in amphibian ecotoxicology could go a long way toward addressing the problems associated with amphibian declines and the effects of contaminants on amphibians. First, basic toxicological effects for the major chemical classes have not been adequately explored except for a few cases. Examining the effects of one representative chemical from each class should be a priority; the effects of expected environmental concentrations on amphibians experiencing natural stresses of competition, predation, and pond drying should be evaluated on relevant endpoints such as hatching success, metamorphosis, endocrine and reproductive systems, and terrestrial growth and survival. Each chemical should not need to be examined extensively, but each chemical class should be evaluated.
Secondly, a major component missing from studies in amphibian biology in natural or human-influenced environments is the integration of the effects in the aquatic and terrestrial environment. Aquatic mesocosm studies often involve rearing animals through metamorphosis and collecting data on size at metamorphosis, time to metamorphosis, and survival to metamorphosis; all of these endpoints are believed to be correlated with fitness based upon mark and recapture data from the field (Smith, 1987; Semlitsch et al., 1988; Berven, 1990) . The general rule of thumb is that early time and large size at metamorphosis are positively correlated with overwinter survival and reproductive success. However, Werner (1986) suggested that amphibian species may utilize the aquatic and terrestrial environments differently, so that size or time to metamorphosis may not always be a clear indicator of fitness. Terrestrial evidence of Goater (1994) and Boone (in press) suggests that toad species (Bufo) may be able to compensate for small size at metamorphosis with terrestrial growth, which would indicate endpoints at metamorphosis may not always be strong predictors of terrestrial growth and survival. Further, exposure to chemical contaminants in the aquatic environment could have latent effects that are not manifested until or during terrestrial development -effects that may occur irrespective of size or time to metamorphosis. This means that we need to understand how endpoints at metamorphosis correspond to terrestrial survival and reproduction for amphibians utilizing different life history strategies, because exposure at different life stages may result in differential susceptibility.
Thirdly, current research does not indicate that contamination alone could result in widespread amphibian declines. However, upwind agriculture has been correlated with declines, suggesting that contaminants may play a critical role (Davidson et al., 2001 (Davidson et al., , 2002 . Many propose that multiple stressors play a part in amphibian declines (see Linder et al., 2003) rather than one factor alone. For this reason, studies examining multiple stressors -be it chemical mixtures or combinations of anthropogenic stressors -will likely be informative in understanding threats to amphibian communities, and this offers a promising research direction. Mesocosm studies allow researchers an ideal way to address the role of multiple stressors by examining both singular and interactive effects, a feat that would be practically impossible in field studies.
We believe that mesocosm studies are the most powerful technique available to address experimental questions within amphibian toxicology and conservation. While some may feel that mesocosms are too artificial to adequately address most ecological questions (e.g. Carpenter, 1996) , they proffer a powerful method to tackle questions related to conservation biology, where accurate information is needed quickly. Their use should complement studies conducted in the laboratory and field so that a greater understanding of contaminant effects on natural populations can be achieved. However, there have been relatively few ecotoxicological studies even in aquatic mesocosm experiments. Understanding first how different chemical classes influence amphibians and their food webs, how timing of exposure during larval and/or terrestrial development influences amphibian responses, and how population viability may be affected are the critical questions that need to be addressed so that in the next decade we will have a better grasp of the effects contaminants (especially sublethal ones) are having in natural communities so that regulation can be truly protective of nontarget wildlife.
